Levulinic acid (LA), a competitive inhibitor of 8-aminolevulinic acid (ALA) dehydratase (EC 4.2.1.24), has been used extensively in the study of ALA formation during greening. When I1-"4CILA is adminstered to etiolated barley (Horwum vulgare L. var. Larker) shoots in darkness, "CO2 is evolved. This process is accelerated when such tissues are incubated with 2 millimolar ALA or placed under continuous illumination.
LA3 is a structural analog of ALA and acts as a competitive inhibitor of ALA dehydratase (EC 4.2.1.24) (13) . Beale (2) first demonstrated that ALA accumulated at the expense of Chl when LA was administered to cultures of Chlorella, and this compound has been used in subsequent studies (3) to elicit ALA accumulation in tissues of various photosynthetic organisms. This technique has been widely accepted as an effective probe in studying the relationship between the rates of ALA formation and Chl synthesis in plant cells, because the kinetics and stoichiometry of ALA accumulation in LA-treated tissues usually closely approximate those of Chl synthesis in untreated tissues (3) . Such in vivo studies have been necessary, since reliable in vitro methods for assaying the enzyme(s) responsible for ALA synthesis in plants have not yet been developed (3) .
In addition, the application of LA to greening tissues has proved to be an extremely useful technique in metabolic tracer studies of ALA biogenesis; such studies led to the formulation of the 5-carbon pathway for ALA biogenesis in plants (3).
However, there are reports that LA has other inhibitory effects upon plant metabolism. For example, LA inhibits ALA biosynthesis in greening barley leaves (5, 11) . We found that, when [1- 14CILA is administered to etiolated shoots of barley, the following events occur: (a) 14CO2 is evolved; (b) 14CO2 evolution is accelerated when tissues are removed from darkness and placed under 1 Supported by National Science Foundation Grants (8) .
The apical 6 cm of 7-day-old leaves were excised and cut into 1-cm segments. One g of tissue was placed in a stoppered 125-ml Erlenmeyer flask containing 1 to 5 ,uCi of -114CJLA plus any other additions, in a final volume of 1.0 ml. Incubations were carried out at 22 C for 4 h in darkness or in light provided by General Electric Cool-White fluorescent lamps (1.5 x 104 ergs/ cm2.s).
Measurement of 14CO2 Evolution in Vivo. Respired 14CO2 was trapped on 2.3-cm discs of Whatman 3 MM filter paper saturated with 2 N KOH and suspended from wire hooks attached to the flask stoppers. These wicks were removed periodically for liquid scintillation analysis, as previously described (9), using a Nuclear Chicago Series 6822 scintillation counter. Each wick was immediately replaced with a fresh wick at indicated intervals during an experiment (see also, Refs. 6 and 9).
Tissue Fractionation. Separation of the Aqueous, Organic, and Biopolymer Fractions. At the conclusion of the incubation period, 50 ml H20 were added to each flask, and the leaf segments were removed and washed with an excess of H20. The washings were combined with the diluted incubation medium; the resulting solution was made up to volume; and an aliquot was removed for the determination of radioactivity.
The washed leaf segments were gently blotted with absorbent paper, frozen in liquid N2 in a mortar, and ground to a fine powder with a pestle. While the pulverized tissue was still frozen, 4.0 ml of methanol:chloroform (2:1, v/v), were added. After thorough blending with the pestle, the slurry was transferred to a centrifuge tube. The mortar was washed twice with 2-ml aliquots of MCW, and the brei, plus combined washings, was centrifuged for 10 min at 39,000g. The pellet was washed three times with 2-ml aliquots of MCW, followed by consecutive washings with 2 ml boiling 80%o methanol, 2 ml 100%o methanol, and 2 ml diethyl ether. The ether wash was discarded, and all other washes were combined with the original extract. This solution will be referred to as the 'soluble fraction.' The ether-washed pellet, containing insoluble cellular constituents, was dried in vacuo and will be termed the 'biopolymer fraction.' These and all other operations involving pigment-containing extracts were performed under subdued light (less than 1 ft-c).
The soluble fraction was adjusted by the addition of chloroform and H20 to contain MCW. The total volume was recorded, and the radioactivity was determined. To this solution was added 1/ 3.8 volumes of H20 and 1/3.8 volumes of chloroform, and the resulting mixture was shaken and then stored overnight at 4 C to effect phase separation. The lower phase, which was predominantly chloroform and contained lipids and pigments, is termed the 'organic phase'; the upper phase, which was predominantly H20, is termed the 'aqueous phase.' The volume of each phase was recorded, and the radioactivity was determined.
Fractionation of the Organic Phase. The organic phase was evaporated to dryness under a stream of N2 at 35 C, and the residue was taken up in 10 ml H20-saturated diethyl ether. Pigments and lipids in the ether extract were partitioned, according to the method described by Perkins and Roberts (16) . The ethereal solution was mixed with 1.6 volumes of concentrated HCI in a separatory funnel and allowed to stand at room temperature for 30 min. This solution was then mixed with two-thirds ofits volume of H20 followed by 1 volume of H20-saturated ether; two phases resulted. The ether phase was removed, and the HCI phase was extracted successively with 4-, 6-, and 4-ml aliquots of H20-saturated ether. All of the ether solutions were combined and washed repeatedly with ether-saturated H20 until acid-free (usually four times). This fraction, which contained nonsaponifiable lipids, is referred to as the 'lipid fraction. ' The porphyrin-containing HCI solution was adjusted to pH 5.0 by the addition of solid sodium acetate with continuous stirring. Ten ml of H20-saturated ether were added, and the pigments moved into the upper (ether) phase. The lower phase was removed and washed three times with H20-saturated ether. The ether washings were pooled, yielding a fraction termed the 'porphyrinphorbin fraction.' The aqueous sodium acetate solution normally contained some labeled material, which was not extractable by ether at pH 5.0 and is referred to as the 'residual fraction.' Aliquots of each of these final fractions were taken for liquid scintillation analysis.
Fractionation of the Aqueous Phase. The aqueous phase was acidified by the addition of 0.4 ml of glacial acetic acid, then applied to a 0.7-x 5-cm column of Dowex 50 x 8 resin, 100 to 200 mesh, in the H+ form. The effluent was saved, and the column was washed with 50%o methanol until the washings were essentially free of labeled material. The effluent and methanolic washings, containing acidic and neutral compounds, were combined and saved. Basic compounds were eluted from the column with 0.5 M ammonium acetate (pH 7.0). The eluate was dried by lyophilization, and ammonium acetate was removed by two subsequent cycles of rehydration and freeze-drying. The residue was redissolved in 2 to 5 ml methanol. This solution is referred to as the 'basic fraction. ' The methanolic solution, containing compounds which were not bound to Dowex 50, was taken to dryness by rotary evaporation at 45 C. The residue was dissolved in 10 ml 50%0 methanol, and the pH was adjusted to 7.0 with I N NaOH. This solution was applied to a 0.7-x 5-cm column of AG-I x 8 resin, 200 mesh (Bio Rad Laboratories, Richmond, CA) in the acetate form. Nonionically bound materials were washed from the column with 70 to 90 ml 50% methanol, and these washings, combined with the original effluent, constituted the 'neutral fraction.' The 'acidic fraction' was eluted from the AG-1 column with 70 to 90 ml methanol: glacial acetic acid:water (1:1:1, v/v/v). This solution was taken to dryness by rotary evaporation, and the residue was dissolved in 50%o methanol.
Porphyrin-phorbin (12) . Five to 10 ,ul of the sample in 00%o methanol, containing 1 to 3 x 103 dpm, were applied as a 1.5-cm band located 2 cm from the lower edge of the plate.
Sequential bands, 3 mm wide, were scraped from the chromatograms into 6-ml scintillation vials. One-half ml H20 was added to elute the labeled material, followed by 5.0 ml of scintillation fluid (Budget-Solve, Research Products International Corp., Mt. Prospect, IL). Samples were counted in a Packard (Heidelberg, Germany) PRIAS liquid scintillation counter (Model APLD) in the dpm mode.
Thin-layer electrophoresis of basic fractions was run on 20-x 20-cm glass-backed plates coated with cellulose. Application of samples was performed as described for TLC, except that the origin was located at the center of the plate. The cellulose layer was saturated with 50 mm Na. Mes buffer (pH 6.0) and subjected to electrophoresis for 50 min at 32 v/cm in a Brinkmann-Desaga (Heidelberg, Germany) TLE chamber cooled to 4 C. Radioactivity determinations were performed as described above.
Analysis of the Biopolymer Fraction. Total radioactivity in the biopolymer fraction was estimated by treating a 4-to 6-mg portion with 0.2 ml of 2 N KOH in a 20-ml glass scintillation vial held in a boiling H20 bath for 10 min. After cooling, 0.3 ml H20 was added, followed by 15 ml scintillation fluid, and the sample was analyzed in the Nuclear Chicago scintillation counter.
Portions of the biopolymer fraction were treated with various hydrolytic enzymes in sealed 25-ml Erlenmeyer flasks for 16 h at 37 C. Assay mixtures contained 3 to 6 mg dry powder from the biopolymer fraction, 5 ,jg cycloheximide, 10 jig chloramphenicol, buffer, enzyme, and cofactors, in a total volume of 1.0 ml (see Table I ). The assays were adapted from Decker (7).
Reagents. Cellulase (4 units/mg) and Macerase (ex. Rhizopus sp.; B grade; 3 units/mg) were purchased from Calbiochem-Behring Corp., La Jolla, CA. Protease (type VI; 3 units/mg) was purchased from Sigma Chemical Co. RNAse 1 (5 x crystalline; 10 units/mg) and DNAse I (110,000 units/mg) were from U. S. Biochemical Corp., Cleveland, OH.
[1-14CJLA (33mCi/mmol) was from Amersham Corp., Arlington Heights, IL.
Lactic acid (85%), scintillants, organic solvents, and inorganic compounds were reagent grade and were purchased from Fisher Chemical Co., Fairlawn, NJ.
Mes (grade I), Tris (free base; 'Trizma' grade), and ALA-HC1 (grade I) were purchased from Sigma Chemical Co.
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Evolution from 11-14CILA in Vivo. When etiolated barley leaf segments are incubated with [l1-4CJLA for 4 h, they evolve 14CO2 (Fig. 1) . Irradiated tissue evolves "CO2 at a rate which is substantially higher than that of unirradiated tissue. The induction period is longer, however, in irradiated tissue. Figure 2 shows the effects of anaerobiosis on lCO2 evolution in vivo from [1-14C]LA in darkness. Anaerobiosis strongly suppresses this metabolism during the first 3 h, but the rate of '4CO2 evolution increases between the 3rd and 4th h of incubation. These data indicate that 02 is necessary for the evolution of "4CO2 from [1- 14C]LA.
Treatment of leaf segments with 2 mm ALA results in a stimulation of 14CO2 evolution (Fig. 2) .
Incorporation of the Label from 11-14CILA into Various Chemical Constituents. The C-l of I1-14C]LA is incorporated into a variety of cellular constituents during a 4-h incubation with etiolated barley leaf segments (Fig. 3) . Tissue treated with this compound in darkness took up just over 1 ,iCi, about 21% of the admiistered label. Respired 14CO2 accounted for about 10%1o of the incorporated radioactivity. The majority of the label was found in the acidic fraction. Chromatographic analysis indicated that free LA accounted for no more than 30%o of this fraction.
Fractionation of tissue incubated with [1-14C] LA in the light (Fig. 3, left) shows some interesting differences from that of tissue treated in darkness (Fig. 3, right) . In the former, the relative proportion of each of the constituent fractions appears to be increased at the expense of the acidic fraction.
When a solution of [1-'4C]LA in MCW was subjected to this fractionation procedure, 90%o of the label partitioned into the aqueous phase and 10%o into the organic phase. Ofthe radioactivity in the aqueous phase, gr6ftter than 99% was found in the acidic fraction. The total radioactivity in the organic fraction obtained (Fig. 4) . A thin-layer radioelectrophoretogram of this fraction shows that amino acids with both neutral and acidic side chains are present (Fig. 5) .
The result of radiochromatographing the acidic fraction obtained from etiolated barley leaves incubated with darkness or in the light is shown in Figure 6 . (Fig. 7) . The (5, 11) .
Two strains of yeasts from the genera Candida and Rhodotorula are capable of utilizing LA as the sole source of carbon (1, 19) . These organisms produced acetic acid when incubated with LA and inorganic salts (19) , and as-ketoglutaric acid was identified as an LA metabolite (1) . Our several of these '4C-labeled compounds in the presence of large concentrations of LA. The radioactivity of the ALA, which accumulates during the incubation, is then measured (4, 6) . Large increases in the intracellular pool size of a putative precursor, resulting from LA metabolism, could result in the diminution of the specific radioactivity of that precursor. Inasmuch as such experiments are performed in the light, acceleration of LA metabolism would be a consequence (Figs. 1 and 3) . Moreover, ALA accumulating in greening leaves treAFd. with LA might further increase the rate and extent of LA metabolism, resulting in even greater changes in metabolite pools (Fig. 2) .
The ALA-induced stimulation of LA metabolism is difficult to explain; however, it is possible that ALA acts as a competitive inhibitor of LA metabolism in a non-C02-forming pathway. ALA treatment, then, might divert more label toward CO2 production.
There CPI (a Chl-protein complex associated with PSI activity) in greening maize leaves (10) . This effect may not be due solely to a general inhibition of Chl synthesis, since both pigment-protein complexes require Chl. LA is also reported to inhibit respiration in Scenedesmus (14) , to stimulate paramylum breakdown in Euglena (17), and to retard cell division in Skeletonema (15) . Studies in this laboratory indicate that LA inhibits the metabolism of a variety of organic and amino acids, including protein synthesis, in etiolated barley leaves (11) .
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